Internal hemipelvectomy is a standard treatment for malignant tumours of the pelvis. Reconstruction using a non-vascularised fibular graft is relatively straightforward compared to other techniques. We describe the surgical and functional outcomes for a series of ten patients who underwent an internal hemipelvectomy (type I or I/IV) with reconstruction by a non-vascularised fibular graft between 1996 and 2009. A key prerequisite for this procedure was a preserved sciatic notch, confirmed pre-operatively on MRI.
Internal hemipelvectomy is a standard treatment for malignant tumours of the pelvis. Reconstruction using a non-vascularised fibular graft is relatively straightforward compared to other techniques. We describe the surgical and functional outcomes for a series of ten patients who underwent an internal hemipelvectomy (type I or I/IV) with reconstruction by a non-vascularised fibular graft between 1996 and 2009. A key prerequisite for this procedure was a preserved sciatic notch, confirmed pre-operatively on MRI.
Graft-host union was achieved in all patients with a single fibular graft, and in the lower graft where two grafts had been used. The mean time to union was 7.3 months (3 to 12). The upper graft did not unite in four of six cases where two grafts had been used. Seven patients were eventually able to walk without a stick. The mean post-operative Musculoskeletal Tumour Society score was 75.4% (16.7 to 96.7). There were no cases of deep post-operative infection. The mean pelvic shortening was 0.9 cm (0.2 to 3.4). Recurrent tumour occurred in three cases, and death from tumour-related disease occured in one.
Patients who need an internal hemipelvectomy will do well if their pelvic ring is reconstructed with a non-vascularised fibular graft. The complication rate is low, and they attain a good functional outcome.
Despite advances in surgical technique and adjuvant therapy, resection of a malignant pelvic tumour remains a significant challenge. The potential for major intra-operative complications, such as injury to the iliac vessels, is high, 1 and the need for lengthy rehabilitation is common. 2 Consequently, patients need to be cared for by a multidisciplinary team. 3 Limb-sparing internal hemipelvectomy, with reconstruction of the pelvis, is a standard treatment for malignant pelvic tumours, whenever wide resection margins can be achieved. [4] [5] [6] Its advantages over amputation include preservation of the ability to walk and a decrease in the cosmetic and psychological side effects. 3 Free vascularised fibular grafts (VFG) have been used to reconstruct pelvic 7 and other large bony defects after resection of a tumour. 8 Albeit largely successful, 9 these require considerable time and microsurgical expertise to perform. There is currently no conclusive evidence to suggest that they perform better in pelvic reconstruction than a non-vascularised fibular graft (NVFG).
For reconstruction after excision of a tumour, the NVFG is a simpler, less timeconsuming technique than a VFG, and works well. 10 The aim of this study was to quantify the outcome measures specifically for patients undergoing NVFG reconstruction following a modified Enneking's type I or I/IV resection.
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Patients and Methods
Between May 1996 and April 2009 we treated ten patients, seven men and three women, with a malignant pelvic tumour by internal hemipelvectomy and a NVFG. Four patients underwent a type I and six a type I/IV internal hemipelvectomy (Table I) , according to our modification of Enneking's classification. 3, 11 Preservation of the sciatic notch, gluteal arteries and the sciatic nerve, as assessed by a pre-operative MR scan, ensured an adequate post-operative blood supply for the use of a gluteus maximus flap and functional innervation of the spared limb (Fig. 1) . These MRI findings are key selection criteria for internal hemipelvectomy at our hospital.
The pathological diagnosis was chondrosarcoma in four cases, Ewing's sarcoma in three, and one each of osteosarcoma, malignant fibrous histiocytoma of soft parts, and a metastasis to bone of a malignant peripheral nerve sheath tumour.
The pelvic ring was reconstructed with double-barrelled fibular grafts in six cases and a single graft in four. The graft was fixed with cancellous screws in seven patients, cancellous screws and one-third tubular plates in two, and without metal in one (Table I) . Patients with Ewing's sarcoma or osteosarcoma received neo-adjuvant chemotherapy. The patient with a malignant peripheral nerve sheath tumour had pre-operative radiotherapy (50.4 Gy). The mean postoperative follow-up was 29 months (5 to 56). Surgical procedure. The operation was performed in a 'floppy lateral' position where there is decubitus, with side supports positioned to allow rolling of the patient by either 30° anteriorly or posteriorly. The skin was incised from the caudal end of the sacroiliac joint, along the iliac crest to the anterior superior iliac spine and down to the midpoint of the thigh (Fig. 2) . A gluteal flap was created and reflected posteriorly. In each case the superior and/or inferior gluteal artery and sciatic nerve were identified in the sciatic notch and preserved (Fig. 3) . The fascia of the gluteus maximus was left attached to the skin to maintain the condition of the musculocutaneous flap (Fig. 3) . After resection of the tumour, the same orthopaedic team harvested the ipsilateral fibula. An incision was made over the posterior aspect of the fibula which was divided distally 12 cm above the tip of the lateral malleolus. In each case the periosteum was preserved to maximise its potential for re-vascularisation and subsequent union. The resection bed was washed with 1 l betadine, 1 l chlorhexidine and more than 2 l of saline. The number of fibular struts used and their method of fixation were determined by the intra-operative stability of the pelvis after resection, and by the width of the bony defect. Graft bone was used to bridge the sacrum and ilium without disturbing the sciatic nerve and the superior and/or inferior gluteal artery (Fig. 4) . A fibre-glass hip spica in 30° of flexion and abduction was applied just after wound closure. Partial weightbearing was permitted when signs of bone healing could be seen on radiographs or CT scans at around three to four months. Full weight-bearing was allowed when union was complete. Recorded data. Post-operatively, the condition of the graft-host interface was monitored radiologically for evidence of union. Pelvic shortening was assessed at least six months post-operatively on an anteroposterior film by measuring the distance between a well-defined midline anatomical feature, usually the spinous process of the fifth lumbar vertebra, and the most inferior part of the teardrop on each side using the Centricity Picture Archiving and Communications System (GE Healthcare, Biosciences Corp, Piscataway, New Jersey). These landmarks were selected because they were the most consistently and clearly defined radiological features, and were not obscured by metalwork, fibular grafts or bony pathology. The difference in length between the resected and normal sides was calculated. The mean operating time, post-operative complications, time to graft-host union and functional evaluation were retrieved from the clinical notes. Lower limb function was assessed using the Musculoskeletal tumour society score.
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Results
The outcomes are summarised in Table II . The mean operating time was four hours and 56 minutes (2 hours and 50 minutes to 6 hours and 30 minutes). Post-operative necrosis of the flap occurred in one case and was successfully treated by debridement. Deep infection was not seen.
Although at least one strut graft in each patient united, nonunion occurred in the upper strut in four of six patients in whom double struts were used (Table II) . These nonunions were not treated surgically because the lower struts all consolidated sufficiently to allow full weight-bearing. This approach was validated by the lack of fracture of a graft during the follow-up period. The mean time to union for free NVFGs (lower/single struts) was 7.3 months (3 to 12). Fracture of a plate occurred in one case (Fig. 5) , although this had minimal impact on the patient as the lower fibular graft united without fracture.
Of the whole group, seven patients had a minor degree of pelvic shortening (Table II) after a minimum of six months, but in no case did this require re-operation. The mean pelvic shortening was 0.9 cm (0.2 to 3.4).
The mean musculoskeletal tumour society score was 75.4% (16.7 to 96.7) (Table II) . Six patients were able to Radiographs showing the chronological change of graft bone. Despite plate fracture, the lower non-vascularised fibular graft united. walk without a stick, three needed a stick, and one was wheelchair bound because of ongoing pelvic pain. Local recurrance occurred in three patients. In one, local recurrance and metastasis was identified at 12 months postoperation. In the other two, local recurrance was identified at six and 12 months respectively. All were treated by reexcision.
Discussion
Hindquarter amputation was once the standard treatment for malignant pelvic tumours until Enneking began to advocate limb-sparing surgery. 11, 13 Internal hemipelvectomy was performed as early as the 1960s, albeit infrequently, but at that stage there were no reliable methods of reconstructing the pelvic ring. 13 In the late 1970s, several reports of internal hemipelvectomy described this procedure as an innovative surgical technique that attained reconstruction of the pelvic ring. [14] [15] [16] [17] The indications for internal hemipelvectomy are usually stricter than those for hindquarter amputation. 18 In particular, type I and I/IV resections usually require an intact sciatic notch. Perhaps because of this, internal hemipelvectomy also has a significantly better rate of survival than hindquarter amputation, provided a wide margin of resection can be achieved. 18 The purpose of internal hemipelvectomy is to achieve local and systemic control of the disease, 18 whilst preserving the leg and the ability to walk. 3 There are eight subtypes of internal hemipelvectomy, 3 each of which requires a different method of reconstruction, although the best methods of doing this are still to be established. These techniques may involve the use of prostheses, allografts, autoclaved grafts, autograft-containing tumour treated with liquid nitrogen and free fibular grafts, either vascularised or non-vascularised. 3, 7, 9, [19] [20] [21] [22] We have chosen to use NVFG specifically for T1 and T1/4 type resections.
Reconstruction with VFGs was first described in 1989, 23 although the fate of the fibular grafts could not be determined as the patients died from metastatic disease. In 2005 and 2008 there were two reports of free vascularised, double-barrelled reconstruction. 7, 19 The main disadvantage of this procedure was the significantly increased operating time needed to carry out the microvascular anastomosis. 19, 24 Furthermore, it usually requires two teams of surgeons with the orthopaedic team performing the resection of the tumour and a plastic team managing the VFG. 7, 19 An NVFG can be undertaken by an orthopaedic team on its own.
Although each reconstruction technique has its individual advantages, it has generally been thought that most forms of pelvic reconstruction improve functional outcome. 7, 23 One study 1 has shown that reconstruction is not an absolute requirement for maintaining function after iliosacral resection, although the patients had quite marked distortion of the pelvic ring and a secondary scoliosis. Such a degree of distortion and instability is likely to result in poor long-term function because of progressive spinal deformity, 25 and instability of the posterior pelvic ring tends to cause pain and subluxation of the pubic symphysis. 26 Consequently, reconstruction of the pelvic ring is likely to be important for the preservation of function, although studies with longer follow-up are needed to confirm this.
The patients in our series had minimal pelvic shortening. This may be due to a number of factors, including the use of double struts for added early support, the low rate of metal failure and close attention to rehabilitation. The three patients who had pelvic shortening greater than the mean of 0.9 cm (2.1 cm, 1.7 cm and 3.4 cm, respectively) had musculoskeletal tumour society percentage scores of 96.7%, 90.0% and 86.7%, respectively, with no pelvic pain at two years; all three were eventually able to walk without aids. This surprisingly good function may be related to posterior stability combined with a small degree of medialisation of the centre of the hip, which reduces pelvic tilt when walking. 1 Significant ongoing pelvic pain occurred in only three patients, and only one of these had any pelvic shortening (0.6 cm). This patient had generalised pelvic pain which was unlikely to be related to shortening, given that this usually occurs in the region of the pubic symphysis.
By contrast, Hillmann et al 27 had two of 12 cases of reconstruction with a NVFG that needed re-operation for limb-length discrepancy.
As far as the time to union of the graft is concerned, evidence of bone bridging, where new bone forms at the junction between the graft and osteotomised bone, has been observed radiologically at a mean of 2.5 months (two to four) in a series of VFG reconstructions, although the time to achieve complete union, where complete continuity between the graft and host bone through callus formation, as occurred was not mentioned. 7, 19 We have shown complete radiological union in at least one graft after a mean of 7.3 months for our NVFGs. This is consistent with another series of NVFGs used for reconstruction in a range of anatomical sites, which showed primary union of 41 of 46 grafts within a median of 24 weeks. 10 In our series, six patients could walk without assistance as soon as their grafts had united. Full weight-bearing was not allowed until the graft had completely united, which may account for the lack of significant pelvic shortening and pain around the pubis symphysis.
Overall, the upper/superior strut grafts in our series showed less propensity to unite, with delayed union in one patient at 25 months and nonunion in four of six patients. However, even with an isolated case of fracture of a plate, there was no significant impact on the position of the fibular graft, eventual graft union or pelvic shortening as demonstrated by serial imaging (Fig. 5) . A united lower strut was sufficient for full weight-bearing. Despite the reduced rate of union in the upper struts, we feel that this doublestrut technique has a role to play in bridging large defects by providing additional stability to the pelvic ring, which is likely to facilitate union of the lower struts.
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THE JOURNAL OF BONE AND JOINT SURGERY One factor that may contribute to the successful rate of union of the NVFGs is the preservation of the periosteum of the fibular graft. Removal of the periosteum adversely affects callus formation and can delay or disrupt bone formation. 30 Inserting the NVFG into the pelvic metaphysis means that new metaphyseal cortical bone can form by coalescence of endochondral trabecular bone, possibly through the inductive effects of graft periosteum. 31 Maintenance of the blood supply to the gluteal flap may also help to revascularise the fibular graft through the preserved periosteum.
The absence of deep infection in our series may be partly due to the well-vascularised gluteal flap, but may also be the result of the shorter operating time needed to implant an NVFG. There is a clear association between long operative times and infection in pelvic resections 32 and other surgical procedures. 33, 34 Internal hemipelvectomy and pelvic ring reconstruction with a VFG takes between nine and 12 hours, 19 whereas our NVFGs ranged from two hours and 50 minutes to six hours and 50 minutes. Previously, the risk of deep infection in both hindquarter amputation and internal hemipelvectomy procedures was about 21%; the infection rate in autograft cases was only 8.3%. 27 The individual risk of infection using free vascularised doublebarrelled grafts is reported to be 20%, 7 whereas we saw no deep infection in any of our cases.
Allograft reconstruction of iliac resections has given less favourable results. There is a higher overall complication rate and a higher infection rate for reconstruction using allograft rather than autograft. 27 The functional scores are also relatively lower for allograft reconstruction. 35 To the best of our knowledge there is only one other reported series of pelvic reconstruction using an NVFG. Hillmann et al 27 reported 12 cases which they compared with reconstruction using an allograft or a pelvic prosthesis. Reconstruction with an NVFG performed better overall than the other methods in terms of function and complications. A comparison of union rate with our series was not possible because this was not reported. Nine of their 12 patients required additional surgery, two for deep infection, two for haematoma, two for limb-length discrepancy, two for metal removal and one for biopsy. In our series, the relative absence of re-operation for infection or technical complications may have been the result of stricter selection criteria, as reconstruction with a NVFG was only performed for type I and I/ IV resections. Consistency of selection would have improved surgical technique, reduced operating time and hence reduced graft failure and infection.
The mean musculoskeletal tumour society rating score overall was 75.4%. It was 85.0% in those who had completed their post-operative rehabilitation, that is, excluding cases 1 and 10. These figures are comparable to those of VFG reconstruction at 75%, 7 and endoprosthetic reconstruction at 77%. 36 Our patients also had a good outcome from their tumour, with low rates of local and distant recurrence.
Kawai et al
18 achieved a five-year survival rate of 63.8% with a limb-sparing hemipelvectomy, and only 21% for hindquarter amputation. The rate of distant recurrence at five years of limb sparing and hindquarter amputation patients was 32.5% and 47.4% respectively. 13 In our series, only one of the ten patients died of their tumour. Our local recurrence rate was 30% and our rate of metastasis was 10% at follow-up.
Overall, these results show that a NVFG can restore the stability of the pelvic ring after a type I or type I/IV resection and give a good functional result. This is probably the result of careful patient selection and a reduced operating time.
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